Two-dimensional electromagnetic particle-in-cell simulations 
Introduction
Enhanced field fluctuation spectra with peaks at frequencies close to the proton cy-25 clotron frequency and its harmonics up to the lower hybrid frequency have been observed 26 near the geomagnetic equator of the terrestrial magnetosphere at radial distances between 27 2 and 8 R E [Russell et al., 1970; Perraut et al., 1982; Santolík et al., 2002] . The typical 28 amplitude of the associated magnetic fluctuations is 0.03 ∼ 0.2 nT [Perraut et al., 1982] , [Perraut et al., 1982; Boardsen et al., 1992; Meredith et al., 2008] and theoretical studies 33 [Gul'elmi et al., 1975; McClements et al., 1994; Chen et al., 2010] suggest that the waves 34 are driven by energetic protons at energies of tens keV which have ring-like distributions 35 with ∂f p (v ⊥ )/∂v ⊥ > 0 (f p (v ⊥ ) is the perpendicular velocity distribution function).
36
These waves were first referred to as "equatorial noise" [Russell et al., 1970] , but more 37 recently have been called "fast magnetosonic waves" because observations show that the 38 wave magnetic field component is polarized along the background geomagnetic field [Per-39 raut et al., 1982] and the ratio of the electric field intensity to the magnetic field intensity 40 is in good agreement with the theoretical values for fast magnetosonic waves at wave nor-41 mal angles near 90
• [Boardsen et al., 1992] . These enhanced fluctuations are believed to 42 play an important role in the transverse heating of thermal protons [Curtis, 1985; Horne 43 et al., 2000] and the acceleration of radiation-belt electrons [Horne and Thorne, 1998; 44 Horne et al., 2007; Shprits, 2009; Bortnik and Thorne, 2010] . protons [Gary, 1993] . We choose the dimensionless parameters to be n 1 /n 0 = 6.3, n 2 /n 0 = and T e /T 1 = 0.01.
125
In order to assess the amount of free energy available from the proton velocity distribu-126 tion used, we follow Janhunen et al. [2003] to define the free energy of a given distribution 127 to be the kinetic energy of the original distribution minus the kinetic energy of the closest 128 equilibrium distribution, assuming that the wave-particle interactions locally "level out" Linear kinetic dispersion analysis for the given proton distribution using realistic proton- 
227
The proton distribution evolves with time in the simulation due to wave-particle in- et al., 1982; Boardsen et al., 1992] . which is larger than the growth rate in Case I as v s is larger in Case II.
299
The E x fluctuations from the simulation at tΩ p = 70 are shown in Figure 10 . The top harmonics have shifted to the third, the fourth and the fifth proton cyclotron harmonics.
305
Figure 11 also shows that the fourth harmonic is the strongest one and suggests that it 306 corresponds to the strongest wave at k x λ i ≈ 3.5, and k y λ i ≈ 0.3 in Figure 10 . If so, the 307 corresponding phase speed of this wave is ω/k ≈ 1.1v A . Therefore, the excited waves are 308 close to the cold plasma dispersion relation for magnetosonic waves as suggested by the 309 simple theoretical model in Perraut et al. [1982] . Due to the contribution of the energetic 310 shell protons, the overall plasma is not exactly cold. This might have caused the phase 311 velocity to be slightly larger than the Alfvén velocity.
312
Similar to Case I, the proton distribution evolves with time in Case II due to wave- 
Scattering of Relativistic Electrons

338
The diffusion coefficients depend on the wave spectra and plasma properties. They are 339 generally a function of pitch angle and electron energy.
340
Following Liu et al. [2010] , test particle computations are used to investigate the scat- 
368
We use this value as the initial pitch angle of the test electrons.
369
From top to bottom, the three panels of Figure 12 
441
where
in the z direction in Lyons [1974] ), the argument of the Bessel functions is 
480
where J 1 = −J −1 has been used.
481
For the spectral peak at k ⊥ λ i ≈ 5 and k λ i ≈ 0.3 in Figure 5 , the argument of the Bessel 482 functions in θ nk is γk ⊥ v ⊥ /Ω = 0.07 for electrons of 500 keV and α = 75
The PIC simulation domain in the present study is two-dimensional and the background 484 magnetic field is in the y direction, so E k, and E k,y in equation (A7) 
